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ABSTRACT
This paper presents combined Spitzer IRAC and Hubble COS results for a double-blind
survey of 195 single and 22 wide binary white dwarfs for infrared excesses and atmospheric
metals. The selection criteria include cooling ages in the range 9 to 300 Myr, and hydrogen-
rich atmospheres so that the presence of atmospheric metals can be confidently linked to on-
going accretion from a circumstellar disc. The entire sample has infrared photometry, whereas
168 targets have corresponding ultraviolet spectra. Three stars with infrared excesses due to
debris discs are recovered, yielding a nominal frequency of 1.5+1.5−0.5 per cent, while in stark
contrast, the fraction of stars with atmospheric metals is 45 ± 4 per cent. Thus, only one out
of 30 polluted white dwarfs exhibits an infrared excess at 3–4 µm in IRAC photometry, which
reinforces the fact that atmospheric metal pollution is the most sensitive tracer of white dwarf
planetary systems. The corresponding fraction of infrared excesses around white dwarfs with
wide binary companions is consistent with zero, using both the infrared survey data and an
independent assessment of potential binarity for well-established dusty and polluted stars. In
contrast, the frequency of atmospheric pollution among the targets in wide binaries is indis-
tinct from apparently single stars, and moreover the multiplicity of polluted white dwarfs in
a complete and volume-limited sample is the same as for field stars. Therefore, it appears
that the delivery of planetesimal material onto white dwarfs is ultimately not driven by stellar
companions, but by the dynamics of planetary bodies.
Key words: binaries: general – circumstellar matter – infrared: planetary systems – white
dwarfs
1 INTRODUCTION
Despite the myriad exoplanetary systems known to exist via tran-
sit and radial velocity surveys, knowledge of their chemistry and
assembly remains limited. Studies of protoplanetary discs reveal
chemical signatures of the solids and gases that precede and
are likely incorporated into planetesimals and eventually planets
(Bergin et al. 2015; Marty et al. 2017), while exoplanet detection
provides the sizes (and sometimes masses) and architectures for
a limited set of end results. Direct imaging has demonstrated that
wide and massive giant planets are not as frequent as those detected
by transit and radial velocity methods, yet these techniques are sen-
sitive only to a fraction of Solar system like architectures (Gillon
et al. 2017). The detection of an Earth-like exoplanet around a Sun-
like star may be on the horizon, but information on the composition
is critical and cannot be provided by conventional means.
From an observational perspective, it is now well established
? E-mail: tgw@star.ucl.ac.uk
that planetary systems can survive into the post-main sequence.
Many white dwarf stars exhibit atmospheric metals that should oth-
erwise sink (Zuckerman et al. 2003; Koester, Gänsicke & Farihi
2014), tens of these display infrared excesses consistent with plan-
etary materials (Reach et al. 2005; Jura, Farihi & Zuckerman 2009),
and at least one system has complex transiting events (Vanderburg
et al. 2015). These planetary systems orbiting white dwarfs univer-
sally exhibit atmospheric metal pollution, where closely-orbiting
circumstellar discs – the source of the atmospheric heavy ele-
ments – are often detected via dusty and gaseous emission (see
Farihi 2016 and references therein). Importantly, white dwarf at-
mospheres distil the disc material and provide an indirect, but ob-
servable elemental composition of the parent body or bodies (see
Jura & Young (2014) and references therein). To date, the observed
abundances in polluted white dwarfs have been dominated by ob-
jects with strikingly Earth-like chemistry (Wilson et al. 2016), but
with substantial diversity (Jura et al. 2015; Kawka & Vennes 2016;
Hollands, Gänsicke & Koester 2018a), including objects relatively
rich in water, but poor in other volatiles (Farihi, Gänsicke & Koester
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2013a; Raddi et al. 2015), and a single instance of an ice-rich body
(Xu et al. 2017). The nature and frequency of these planetary sys-
tems therefore plays a critical and complementary role to the study
of the exoplanetary systems via other methods such as transit pho-
tometry, precision radial velocities, and direct imaging. No plane-
tary system orbiting a main-sequence star can provide this type of
compositional information, and thus polluted white dwarfs are key
to understanding the formation and evolution of planetesimals and
their associated planets.
Theoretical studies have demonstrated that planet-
planetesimal perturbations can create highly eccentric orbits
that deliver substantial minor planetary body masses to the inner-
most orbital regions around white dwarf stars (Veras et al. 2013;
Mustill, Veras & Villaver 2014). In some cases, the dynamical
interactions are favourable to generating planetesimal orbits with
periastra interior to the stellar Roche limit (Debes, Walsh & Stark
2012; Frewen & Hansen 2014), thus leading to tidal fragmenta-
tion. In other models, namely those with bodies originating in
a Kuiper-like belt, minor body perturbations by a single planet
are insufficient to create such star-grazing orbits, and additional
(planetary) gravitational encounters are necessary (Bonsor &
Wyatt 2012).
In many cases, the delivery of planetary material into the in-
nermost region and eventually onto the white dwarf surface re-
quires full-fledged planets, but their detection has so far been elu-
sive due to insufficient sensitivity (Mullally et al. 2007). The for-
mation of the observed circumstellar discs is an area of ongoing
study, where collisions are likely to play a role owing to the fact
that the shrinkage of wide and highly eccentric orbits by Poynting-
Robertson (PR) drag requires 105 − 106 yr or longer for millime-
tre and centimetre-size particles, respectively (Veras et al. 2015).
Once formed, a collision-less disc of solids should evolve via PR
drag (Rafikov 2011b; Bochkarev & Rafikov 2011), whether opti-
cally thick or optically thin to starlight. If collisions are impor-
tant or there is significant gas present that is co-spatial with the
dust, then competing effects may drive the disc evolution (Rafikov
2011a; Metzger, Rafikov & Bochkarev 2012; Kenyon & Bromley
2017).
A prediction made by dynamical models is that the frequency
of white dwarf pollution and circumstellar debris discs should be
modestly or strongly time-dependent, based on the nature of the in-
stability that drives material inward (see and compare e.g. Debes
et al. 2012; Mustill et al. 2014; Petrovich & Muñoz 2017; Small-
wood et al. 2018). Thus, the empirical occurrence rate for atmo-
spheric metals and infrared excesses are necessary to test these
models. While the frequency of white dwarfs with photospheric
metals has been robustly determined to be at least 20–30 per cent
(Zuckerman et al. 2010; Koester et al. 2014), the bulk of pub-
lished Spitzer searches for infrared excesses have targeted stars
with known atmospheric metals in order to formalise the link be-
tween discs and pollution (Jura, Farihi & Zuckerman 2007; Farihi
et al. 2010). To date, the frequency of debris discs that are detected
in the infrared has been constrained to be between 1 and 4 per cent
(Mullally et al. 2007; Farihi, Jura & Zuckerman 2009; Barber et al.
2012; Rocchetto et al. 2015). However, the bulk of published work
has suffered from selection biases, sensitivity issues, or insufficient
statistics (or a combination of these). Wide-field surveys such as the
Sloan Digital Sky Survey and WISE have been utilised to charac-
terise infrared excess frequency using the largest possible number
of stars, but can suffer from limited sensitivity and poor sample
characterisation (Debes et al. 2011; Girven et al. 2011). Therefore,
Figure 1. Teff histogram for the single white dwarfs in this study. All stars
were observed with Spitzer and are shown in dark grey, while the subset
observed by Hubble are shown in light grey. The same number of targets
were observed with both telescopes in one of the bins.
an unbiased Spitzer survey is needed to accurately measure the oc-
currence of discs that exhibit infrared excesses.
This study analyses Spitzer IRAC observations of hydrogen-
rich atmosphere white dwarfs that were selected on the basis of
cooling age, and thus without any bias toward the potential pres-
ence of atmospheric metals. The same stars were part of several
Hubble COS Snapshots, thereby providing a double-blind study of
metal pollution and infrared excess frequency. These observations
form the largest available, unbiased Spitzer sample to assess in-
frared excess and atmospheric metal frequencies, and form the only
such double-blind study. The Spitzer observations are presented in
Section 2, with the data analysis reported in Section 3. The results
and notes on individual targets are discussed in Section 4, with con-
clusions given in Section 5. The results of the Hubble Snapshots
will be discussed in a forthcoming paper.
2 OBSERVATIONS AND DATA
2.1 Sample of single and binary white dwarfs
This paper reports observations that are one part of a dual instru-
ment survey to identify both atmospheric metal and infrared excess
frequencies for white dwarfs as a function of effective temperature
and hence cooling age. All targets and their associated stellar pa-
rameters in the study were taken from catalogues of nearby white
dwarfs (Liebert, Bergeron & Holberg 2005; Koester et al. 2009;
Gianninas, Bergeron & Ruiz 2011). Sample stars have been se-
lected to have hydrogen-rich atmospheres, owing to their relatively
short diffusion timescales (Koester 2009), in order to confidently
ascribe any atmospheric metals to ongoing accretion from circum-
stellar material. Another criterion for each target is Fλ(1300 Å) >
5 × 10−14 erg cm−2 s−1 Å−1 to achieve a sufficiently high S/N in
the far ultraviolet COS spectra. These requirements result in a
range of stellar effective temperatures 14 000–31 000 K, and thus
probe post-main sequence planetary system dynamics at ages of
9–300 Myr.
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The selection criteria above result in 236 sources. An exten-
sive literature and database search indicates that 40 targets are con-
firmed or candidate binary systems of varying composition and sep-
aration. The remaining 196 apparently single white dwarfs form the
basis for the bulk of the study. The binary subsample is discussed
separately, as the sample statistics are less robust. Table A1 lists
all stars for which IRAC photometry was attempted, with binaries
noted.
2.2 Spitzer observations
Imaging data for the entire sample were obtained with the Infrared
Array Camera (IRAC; Fazio et al. 2004) onboard the Spitzer Space
Telescope (Werner et al. 2004) and are the main focus of this study.
The same sample was part of multiple Hubble Snapshot surveys
using COS, of which 168 targets were observed (cf. 236 observed
by Spitzer), with the details to be reported in a subsequent publica-
tion. New observations for 168 white dwarfs were taken with warm
Spitzer IRAC in Cycles 8 and 12 for Programs 80149 and 12103,
respectively. Targets were observed at both 3.6 and 4.5 µm, where
images were taken with 20 frames of 30 s each using the medium-
sized, cycling dither pattern, and resulting in a total exposure time
of 600 s in each warm IRAC channel. Archival (cryogenic or warm)
IRAC observations for an additional 68 sources were retrieved and
analysed to complete the sample. As an indication of the survey
overlap between instruments, the number of single white dwarfs
observed by Spitzer and Hubble as a function of effective tempera-
ture is presented in Fig. 1.
2.3 IRAC photometry
Single, fully processed, and calibrated 0.6 arcsec pixel−1 mosaic
images were extracted for all targets in the observed bandpasses by
the IRAC calibration pipeline S19.2.0. Aperture photometry was
conducted using the standard IRAF task APPHOT with aperture radii
of 2.4 or 3.6 arcsec, depending on target brightness and additional
nearby sources, and 14.4–24.0 arcsec sky annuli. The fluxes were
corrected for aperture size using conversion factors listed in the
IRAC Data Handbook, but not corrected for colour. For all tar-
gets with sufficiently bright neighbouring sources (including bi-
naries), where photometric contamination was possible or likely,
PSF-fitting photometry was conducted using APEX. The error in
the measured flux was summed in quadrature with the calibration
uncertainty that was taken to be 5 per cent (Farihi, Zuckerman &
Becklin 2008). The newly measured fluxes and corresponding un-
certainties for the entire sample are presented in Table A1. To cal-
culate upper limits, aperture photometry was conducted at the pub-
lished coordinates using a 2.4 arcsec radius. After aperture correc-
tion the determined flux within the aperture was compared to the
sky noise per pixel multiplied by the aperture area, with the larger
value reported as the upper limit. One target (1339+346) was irre-
versibly contaminated by a nearby background source, and is not
considered further.
It has been shown that intra-pixel variations in the Spitzer
IRAC detectors can alter the measured flux by a few per cent,
especially at 3.6 µm, which could affect the calculated excesses
(Mighell, Glaccum & Hoffmann 2008). The pixel-phase response
can be modelled by a 2D Gaussian that is offset from the centre of
the pixel, with the observed flux variation being determined by the
position of the point-spread function (PSF) peak in the pixel. In or-
der to test that the observed fluxes are robust against intra-pixel flux
variation, simulations were conducted. Fluxes were calculated by
modelling the pixel-phase response at 20 random intra-pixel posi-
tions. The average flux variation was determined to be 0.1 per cent.
Therefore, with well-dithered observations the flux variation in the
analysed mosaicked frames is negligible and errors on the report
fluxes will be dominated by measurement and calibration uncer-
tainties.
Spectral energy distributions (SEDs) were constructed for all
stars using additional photometric data from various catalogues
including: AAVSO Photometric All-Sky Survey (Henden et al.
2016), Deep Near Infrared Survey of the Southern Sky (Epchtein
et al. 1999), Panoramic Survey Telescope and Rapid Response Sys-
tem (Chambers et al. 2016), Sloan Digital Sky Survey (Ahn et al.
2012), Two Micron All Sky Survey (Cutri et al. 2003), and UKIRT
Infrared Deep Sky Survey (Lawrence et al. 2007). Near-infrared
photometric data for several stars were taken from the literature
(Farihi 2009; Barber et al. 2012). White dwarf atmospheric models
(Koester 2010) were fitted to the available optical through near-
infrared fluxes using a least-squares algorithm.
For each star in the sample, model fitting to the available data
was conducted starting near the literature value of Teff , and vary-
ing up to ±2000 K in steps of 500 K. The temperature that resulted
in the smallest fitting error was adopted and was typically within
1000 K of the literature value. On average, for a 500 K deviation
from the best fit temperature, the model fitting error increased by 7
per cent of the minimal value.
3 DATA ANALYSIS
The following analysis applies only to those single and binary tar-
gets where it is possible to recover reliable photometry of the white
dwarf. There are 210 such science targets; 195 of these are appar-
ently single, and 15 in spatially-resolved binaries. Those binary
systems whose IRAC photometry is dominated or influenced by
unresolved or marginally resolved companions are not searched for
infrared excesses. However, for many such systems, corresponding
COS observations in the far-ultraviolet will effectively probe iso-
lated white dwarfs.
In order to comprehensively establish the frequency of de-
tectable debris discs, two infrared excess determination methods
are used: the flux method and the colour method. For each of
these methods discussed below, the photospheric model flux is de-
termined by performing synthetic photometry on the atmospheric
model over the IRAC bandpasses, with an excess considered sig-
nificant if it is greater than 3σ. To assess how sensitive the obser-
vations are in discovering a debris disc, the minimum detectable
excess, η, is calculated for each star. Assuming that excesses are
produced by a flat, opaque disc with an inner radius correspond-
ing to Tin = 1400 K and rout = R , the η value can be used to
determine the inclination, i, at which a debris disc is no longer ob-
servable (Bonsor et al. 2017). By calculating the average η values
in each warm IRAC channel it is determined that all discs with
i < 89◦ should be detected.
3.1 Method 1: Flux excess
Previous Spitzer work searching for warm dust around 180 000 Ke-
pler field stars has used the flux excess method (Kennedy & Wyatt
2012). In this method, the observations are compared to the model
MNRAS 000, 1–15 (2019)
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Figure 2. Histograms of flux excess values, χ, as determined by Equa-
tion (1) for both warm IRAC channels. It should be noted that not all stars
have 3.6 µm data, as some archival targets only have 4.5 and 7.9 µm obser-
vations.
predictions for all IRAC channel measurements using the following
statistic.
χ =
Fobs − Fmod√
σ2obs + σ
2
mod
(1)
Here Fobs and Fmod are the observed and model fluxes, respec-
tively, σobs represents the photometric measurement and calibration
uncertainties summed in quadrature and are typically 5 per cent of
Fobs. Errors in the model fitting to the short wavelength data are
given as σmod and are typically 1 per cent of Fmod.
Flux excesses, denoted by χ, are calculated using Equation (1),
and are plotted as histograms for each warm IRAC channel in
Fig. 2. For this sample, the mean and standard deviation in the flux
excess statistic are 〈χ〉3.6 = 0.15 ± 1.07 and 〈χ〉4.5 = 0.05 ± 1.15.
These are broadly consistent with Gaussian distributions.
Infrared excess candidates are identified by χ > 3σ in either
IRAC bandpass. There are five stars with previously discovered in-
frared excesses: 0843+516, 1015+161, 1018+410, 1457–086, and
2328+107. All are recovered as significant using this analysis, with
χ values in the range 5–15σ, as can be seen in Table 1. Of the re-
maining sources, two systems exhibit χ > 3σ in both warm IRAC
channels and are also reported in Table 1. These two sources –
1132+470 and 2218–271 – are discussed in Section 4.3.
3.2 Method 2: Colour excess
Infrared excess determination via colour can potentially reveal faint
debris discs that might be missed using the flux excess method. Ex-
amples of excesses calculated on the basis of a single colour, or
weighted multiple colours, have been used to detect faint infrared
excesses towards main-sequence stars using WISE photometry (Pa-
tel, Metchev & Heinze 2014; Patel et al. 2017).
In the following method, the observed and model fluxes, and
their corresponding errors have been converted into (Vega) magni-
Figure 3. Histogram of m3.6 −m4.5 colour excess values, Σ, as determined
by Equation (2) for stars observed in both warm IRAC channels.
tudes. The IRAC colour excesses are determined using the follow-
ing, with all quantities in units of magnitude.
Σij =
mi,obs − mj,obs − mij,mod√
σ2i,obs + σ
2
j,obs + σ
2
ij,mod
(2)
Here i and j represent the two bandpasses that determine the colour,
therefore the numerator in the above equation is the difference be-
tween the measured and model colour. The uncertainties in the ob-
served magnitudes are added in quadrature with the uncertainty in
the model colour. If sources have infrared photometry in three or
more bandpasses, it is possible to construct an excess statistic based
on a weighting of the various colours. However, because fewer than
20 per cent of the sample have observations at either 5.7 or 7.9 µm,
and given that the longer wavelength arrays are substantially less
sensitive (Fazio et al. 2004), these data are not used in the overall
assessment. Therefore, this study is restricted primarily to data in
the 3.6 and 4.5 µm bandpasses, and thus only a single colour excess
statistic is used.
Colour excesses, denoted by Σ, are calculated for all white
dwarfs observed with Spitzer in both warm IRAC channels using
Equation (2), and a histogram of these m3.6 −m4.5 colour excesses
is shown in Fig. 3. The mean and standard deviation are 〈Σ〉 =
0.02 ± 0.79.
Candidates are identified by Σ ≥ 3σ, where three stars meet
this criterion: 0843+516, 1015+161, and 1018+410. It is immedi-
ately apparent that this technique missed four stars that are flagged
by the flux excess method (1132+470, 1457–086, 2218–271, and
2328+107; see Section 4.3). The Σ values for these stars are re-
ported in Table 1. This method may be powerful when multiple
infrared bandpasses are available, as this adds information that
is not present with only IRAC 3.6 and 4.5 µm photometry. As it
stands, for the subsample with data in both channels, the flux ex-
cess method is more sensitive, especially to SEDs that deviate mod-
estly from a Rayleigh-Jeans slope. Interestingly, only white dwarfs
with χ > 10σ are seen to have a corresponding Σ > 3σ as shown
in Fig. 4, but this can be partly accounted for by the additional un-
MNRAS 000, 1–15 (2019)
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Table 1. Infrared excess statistics for stars with values above 3σ using at
least one method. Columns are named after the wavelength in microns at
which the excesses are determined.
......... χ ......... ......... Σ .........
WD (3.6) (4.5) (m3.6 −m4.5)
0843+516 12.9 15.4 6.1
1015+161 11.8 13.7 3.8
1018+410 12.3 13.2 4.4
1132+470 7.6 7.3 0.0
1457–086 6.0 6.0 0.2
2218–271 6.2 7.9 1.9
2328+107 4.9 5.5 0.6
certainty of utilising two measurements for colour excesses (Patel
et al. 2014). Although the stars flagged by the colour excess method
are fewer, the results in Section 4 demonstrate they are a higher fi-
delity sample of bona fide discs.
3.3 Atmospheric metals
Hubble COS data were obtained for a subsample of stars that also
have Spitzer IRAC measurements. The analysis of these ultraviolet
spectra requires detailed atmospheric modelling, including the ef-
fects of radiative levitation, and is beyond the scope of this paper.
A subset of the Hubble spectra has been published in Koester et al.
(2014), and the full dataset is the subject of ongoing work. This
study focuses on the frequency of discs detectable in the infrared
with Spitzer, but a fundamental issue is sensitivity to circumstel-
lar material, as it is established that many metal-enriched stars lack
infrared excesses (Rocchetto et al. 2015; Farihi 2016). For this rea-
son, a visual inspection of the Hubble spectra is conducted, with
the absence or presence of Si II noted. Among 168 observed stars,
78 exhibit photospheric silicon.
4 RESULTS
Below, the results are presented separately for those apparently sin-
gle white dwarfs versus those confirmed or suspected to be in bi-
nary systems.
4.1 Single white dwarfs
Using the methods outlined above, out of the 195 nominally single
white dwarfs with good IRAC photometry, seven systems display
a significant infrared excess. However, as discussed in more detail
below, not all of the excesses are thought to be due to planetary
debris discs. There are three potential causes of infrared excesses:
circumstellar debris discs, binary companions, or background con-
tamination. This subsection focuses on three excesses thought to
be due to debris discs, while Section 4.3 discusses three systems
whose excesses are possibly consistent with binarity and one with
contamination.
These stars and excess values are reported in Table 1. Interest-
ingly, it should be noted that the three systems with an excess due to
a planetary debris disc have significant excesses using both meth-
ods, whereas the objects with an excess that can be explained by
other causes only have a significant excess using the flux method.
This apparent link between bona fide discs and significant excesses
Figure 4. Photometric excesses at 4.5 µm as determined by both methods.
The black dashed lines represent 3σ for each method. Only three stars with
bona fide debris discs have a significant infrared excess using both methods.
in both methods can be seen clearly in Fig. 4. Furthermore, by
calculating the excesses of known dusty white dwarfs using both
methods it can be seen that 92 per cent have a significant excess
using both the flux and colour methods.
The following analysis is restricted to the apparently single
white dwarfs in the sample for which there is Spitzer photometry
at 4.5 µm, and the subset of these that have Hubble data (see Table
2), in order to determine the frequency of infrared excesses and at-
mospheric metals that can be attributed to a planetary system. The
nominal frequency of infrared excesses at single stars due to de-
bris discs within the sample is 3/195 (1.5+1.5−0.5 per cent) whereas it is
65/143 (45±4 per cent) for atmospheric metals, with the uncertain-
ties calculated using the binomial probability distribution with a 1σ
confidence level. As both observations are indicators of circumstel-
lar debris, it is interesting to see that the overwhelming majority of
stars with debris discs do not exhibit an infrared excess.
These results broadly agree with previous infrared studies, but
at the lower end of estimates made over the years since the launch
of Spitzer. Some of the earliest estimates determined infrared ex-
cess frequencies due to planetary debris discs of 1–2 per cent (Mul-
lally et al. 2007; Farihi et al. 2009; Debes et al. 2011), and this
study now robustly establishes this fact. Interestingly, there have
been estimates as high as 4 per cent, even including a substantial
subset of the stars studied here (Barber et al. 2012; Rocchetto et al.
2015), and thus the benefit of the largest sample available, homo-
geneous selection and data, plus careful vetting are evident. This
result holds for the Hubble subsample where the infrared excess
frequency at single stars due to planetary debris is 1.4+1.8−0.4 per cent.
The wide temperature range of this unbiased sample is un-
precedented, and permits an assessment of the frequency of infrared
excesses at single stars due to debris discs as a function of post-
main sequence planetary system age. Fig. 5 plots the fraction of
single white dwarfs with infrared excesses due to debris discs as
a function of cooling age. To the level of the available data, the
infrared excess frequencies around single stars due to debris discs
appear to be flat across the entire cooling age range probed in this
study, and of the order of a few per cent.
MNRAS 000, 1–15 (2019)
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Figure 5. The fraction of single stars in the sample with an infrared excess
due to a debris disc, with 1σ binomial probability errors and upper limits,
for several cooling age bins.
The combined use of Spitzer infrared imaging photometry
and Hubble far-ultraviolet spectroscopy is unprecedented for such
a large sample of white dwarfs. Also, these two telescopes pro-
vide the most sensitive observations of atmospheric metals and in-
frared excesses, and therefore comparison with other studies will
be biased. For the temperatures studied here, the results should
be highly robust. However for cooler stars that do not emit suffi-
ciently in the far-ultraviolet, the frequency of infrared excesses and
atmospheric metals have a mixture of empirical constraints. In the
study of Zuckerman et al. (2003), for stars cooler and older than the
present study with Teff < 14 000 K, there is only one star out of 70
that did not have a previously known infrared excess (1.4+3.1−0.5 per
cent), but 18 of these were newly found to have metal absorption
features (26+6−4 per cent). Infrared excess searches around polluted
white dwarfs with Teff < 10 000 K have resulted in only one or two
possibly bona fide detections (Farihi et al. 2008; Xu & Jura 2012;
Bergfors et al. 2014; Debes et al. 2019).
Despite having observed nearly 200 stars, it can be seen in
Fig. 5 that there are cooling age bins without infrared disc de-
tections. This is particularly interesting for two reasons. First, the
Hubble observations, as well as many ground-based studies, have
shown that the fraction of polluted white dwarfs is at least an or-
der of magnitude greater than the fraction of stars with an infrared
excess due to a circumstellar debris disc. Second, early indications
appear to favour a flat distribution of atmospheric metals as a func-
tion of cooling age (Gänsicke et al. 2012), although the full effects
of radiative levitation need to be reckoned. The dearth of infrared
excesses compared to atmospheric metals supports the idea that cir-
cumstellar discs orbiting white dwarfs are typically relatively nar-
row, or in other ways tenuous (Farihi et al. 2010; Rocchetto et al.
2015; Bonsor et al. 2017). This idea may be supported by the nar-
row, eccentric ring of debris seen transiting WD 1145+017 (Red-
field et al. 2017; Cauley et al. 2018).
4.2 Binary white dwarfs
Recent theoretical work has suggested several, long-term dynami-
cal processes involving a binary companion that may significantly
Table 2. Subsample statistics for infrared excess and pollution.
Description n m m/n
Singles in this study:
Infrared excess χ > 3 195 3 0.015
Metals detected by HST 143 65 0.455
Binaries in this study:
Infrared excess χ > 3 15 0 0
Metals detected by HST 12 8 0.667
Published data:
Wide companions to dusty stars 40 0 0
20 pc sample:
Metals among binary stars 29 5 0.172
Binaries among polluted stars 23 5 0.217
Binaries in the 20 pc stars 139 29 0.209
Notes. The second and third columns are the sample size and those targets
that meet the condition, respectively, while the last column is the fraction
that satisfy the criterion.
contribute to white dwarf atmospheric pollution (Bonsor & Ve-
ras 2015; Hamers & Portegies Zwart 2016; Petrovich & Muñoz
2017; Stephan et al. 2017; Smallwood et al. 2018). While it is
clear that a stellar wind from a companion in a short-period orbit
may deliver heavy elements onto a white dwarf (Debes 2006; Tap-
pert et al. 2011), for systems with sufficiently wide orbits any de-
tectable pollution requires a non-stellar reservoir of material (Far-
ihi et al. 2013b; Veras et al. 2018). Auspiciously, white dwarf stars
are highly transparent to companion detection via their Earth-sized
radii and blue-peaked stellar continua; only the coldest and lowest
mass substellar companions remain out of reach of conventional,
ground-based detection (Farihi, Becklin & Zuckerman 2005).
In the following subsections, the 40 science targets in known
or suspected binaries are evaluated. A search using both Gaia
DR2 and via the literature recovers 22 known spatially-resolved
and common proper-motion companions (e.g. El-Badry & Rix
2018), and no new candidates, whereas 18 other white dwarfs are
confirmed or suspected to be in short-period binaries. Spatially-
unresolved or marginally-resolved IRAC targets (25 sources, in-
cluding all suspected close binaries) did not produce reliable pho-
tometry of the white dwarf itself and are removed from the in-
frared statistics, leaving 15 white dwarfs in wide binaries that can
be searched for photometric excess due to circumstellar dust. How-
ever, in the far-ultraviolet with COS, only the white dwarf con-
tributes flux, and thus all 22 sources that are spatially resolved in
Gaia DR2 are retained in the study of pollution frequencies. Be-
low, infrared excesses and atmospheric pollution are discussed se-
quentially, using the double-blind study together with independent
samples of stars to assess the potential relationships of these phe-
nomena with white dwarfs in wide binaries. The resulting statistics
are listed in Table 2.
The following evaluates available data on infrared excesses
and wide binarity among white dwarfs. Within the infrared study
presented here, all targets confirmed or suspected to be in wide
binaries were analysed in an identical manner to the single stars.
For the 15 white dwarfs in wide binaries (14 systems; both white
dwarfs in 2220+217 are in the sample) that are resolved in their re-
spective IRAC images, there are none with significant flux or colour
excess. This yields a binomial probability upper limit of 8 per cent
for infrared excesses due to debris discs around white dwarfs with a
wide binary companion. While this result is not as robust as the fre-
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quency for single white dwarfs, below a much stronger statement
can be made based via confirmed dusty stars with infrared excesses.
Starting from 40 polluted white dwarfs with well-established
infrared excesses (e.g. Table 3 of Rocchetto et al. 2015), Gaia
DR2 enables the straightforward detection of wide companions
such as those favoured by dynamical models to enable pollu-
tion mechanisms. This search of known dusty white dwarfs re-
turns no bona fide, co-moving companion candidates.1 [Interest-
ingly and although speculative, a quasi-co-moving companion to
SDSS J073842.57+183509.6 ($ = 5.8 ± 0.2 mas, µ = (12.8 ±
0.3,−24.1 ± 0.2)mas yr−1) was identified at a projected separa-
tion of 0.54 pc and of approximate mid-M spectral type ($ =
5.9 ± 0.1 mas, µ = (9.8 ± 0.1,−23.7 ± 0.1)mas yr−1). No claim
is made here that the pair are related or evaporating, but it is note-
worthy that even in the case this system was previously bound, the
white dwarf likely evolved essentially as a singleton rather than a
binary.] Therefore, it does not appear that binarity has any physical
prominence in the generation of dusty debris discs orbiting white
dwarfs.
The possible connection between atmospheric pollution and
the presence of a wide companion is explored in the following para-
graphs. In the double-blind study sample of white dwarfs, eight out
of 12 wide binary targets exhibit atmospheric metals in either Hub-
ble Snapshot or published ultraviolet observations, resulting in a
frequency of 67+10−15 per cent. While the nominal value may seem
high, it is within 2σ of the pollution frequency robustly measured
for single stars (Zuckerman et al. 2010; Koester et al. 2014). Again
due to small number statistics of the present study, below a more
robust assessment can be made based on larger and well-studied
samples.
An independent assessment of metal pollution and wide bina-
rity can be made using the 20 pc white dwarf sample that is thought
to be complete based in Gaia DR2 (Hollands et al. 2018b). First,
the probability of atmospheric pollution given binarity is evaluated.
There are 29 binary systems containing at least one white dwarf,
where five systems have a component with atmospheric metal pol-
lution. Thus, in the 20 pc sample there is a 17+9−4 per cent probability
of pollution among white dwarfs in wide binaries (this is actually a
lower limit as not all stars have ultraviolet observations). It is note-
worthy that this frequency is nearly identical to that derived solely
on the basis of high-powered optical and ultraviolet spectroscopic
surveys (Zuckerman 2014).
Second, the probability of binarity given atmospheric pollu-
tion is calculated. The 20 pc sample (Hollands et al. 2018b) con-
tains 29 multiples among 139 systems, and thus has a multiplicity
fraction of 21+4−3 per cent. Within the same sample, there are 23 pol-
luted white dwarfs where five are in binaries (22+11−6 per cent). Both
these multiplicity fractions are consistent with each other, and with
that of deeper field star surveys for a larger number of sources (Far-
ihi et al. 2005). Therefore, it appears that polluted white dwarfs are
members of binary systems at the same frequency as field white
dwarfs, and that binarity does not play a fundamental role in their
nature as metal-enriched stars.
Figure 6. SEDs of three stars with significant infrared flux excesses. Data
points with error bars are the Spitzer photometry together with shorter wave-
length fluxes taken from the literature, and the grey lines represent the white
dwarf atmospheric models. All models have log g = 8 with Teff given in the
plots. GALEX photometry is shown, but excluded from the fitting process,
as observations can suffer from interstellar extinction.
4.3 Notes on Individual Objects
Five white dwarfs in the sample have previously identified in-
frared excesses (Jura et al. 2007; Farihi et al. 2009; Xu & Jura
2012; Rocchetto et al. 2015). Four stars (0843+516, 1015+161,
1018+410, and 1457–086) show metal features in COS ultraviolet
spectra (Gänsicke et al. 2012; Koester et al. 2014). One disc can-
didate exhibits a particularly modest flux excess and is discussed
1 The only binary among dusty and polluted white dwarfs is the short-
period system SDSS J155720.77+091624.6 (Farihi, Parsons & Gänsicke
2017), where the disc must be circumbinary, and hence the companion is
not suspected of dynamical delivery of the observed material.
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below. Finally, 2328+107 displays a subtle (χ > 4σ) flux excess
in both warm IRAC channels, however it does not exhibit atmo-
spheric metals in the ultraviolet, as obtained with COS. This star is
also discussed below.
1132+470. This star is one of two white dwarfs in the USNO
parallax programme that exhibited unambiguous residual astro-
metric motion over decades of observation. Both this object and
1639+153 (= LHS 3236) have clear astrometric periods of several
years, and with companions identified as white dwarfs via adap-
tive optics (Subasavage et al. 2009; Harris et al. 2013). This is
consistent with the finding that the photometric and spectroscopic
effective temperatures are highly discrepant (Bédard, Bergeron &
Fontaine 2017). The SED shown in Fig. 6 demonstrates the spec-
troscopic Teff is not a good fit to the available multi-wavelength
photometry.
2218–271. This target exhibits a significant infrared flux ex-
cess (Fig. 6), but no photospheric metals are detected in ultraviolet
spectroscopy with COS. There is no published study that indicates
binarity for this star, but there appears to be photometric excess
in both the near-infrared and longer wavelengths. This fact makes
it unlikely that the Spitzer observations suffered from background
contamination, but this possibility was tested by measuring PSF
roundness with the IRAF task DAOFIND. The IRAC 4.5 µm image
of 2218–271 has a roundness value of 0.06, where the average of 20
field stars in the same image is 0.08±0.10 (a value of 0 is perfectly
round). Moreover, the Spitzer sample of single stars has an average
roundness of 0.09±0.05, and thus the source of the excess is likely
due to an unresolved stellar or substellar companion.
During the ESO SN Ia Progenitor Survey (SPY; Napiwotzki
et al. 2003), this system was observed twice with UVES, separated
by 16 d, in order to probe for short-period radial velocity varia-
tions. While the UVES heliocentric-corrected velocities of the Hα
lines agree within the errors, there is a promising 5.3 h period signal
(S. G. Parsons, private communication) in photometric data from
the Catalina Real-time Transient Survey (CRTS; Drake et al. 2009).
Further observations are needed to confirm this candidate photo-
metric period, and to further constrain the potential binary proper-
ties of this system. The Gaia DR2 astrometric data for 2218–271
are consistent with a single source.
2328+107. The infrared excess toward this star has been pre-
viously reported (Rocchetto et al. 2015) and can be seen in Fig. 6.
While the initial discovery was fitted with a relatively narrow disc
model, there are no atmospheric metals present in the ultraviolet
COS spectrum. Similar to 2218–271, this source has no previously
published indications of binarity, and exhibits photometric excess
not only at warm IRAC wavelengths, but also in the near-infrared
compared to the adopted atmospheric model. An assessment of
IRAC 4.5 µm PSF roundness is performed for 2328+107, where
a value of 0.02 was determined, which agrees well with the value
determined for the single white dwarfs observed in the study as
well as 20 field stars (0.09 ± 0.04) within the same image. Thus
while the observed infrared excess is possibly, but unlikely, due to
contamination, it may be more likely that 2328+107 has a stellar or
substellar companion.
To assess the possibility of a short-period companion, the ra-
dial velocities of Hα are compared between two SPY UVES spec-
tra taken 3 d apart. No significant variations are seen in heliocentric-
corrected data, and Gaia DR2 astrometry is consistent with that of
a single source. Further observations are required to confirm or rule
out the possible phase space for companions to this white dwarf, as
photometric data from CRTS do not reveal any obvious variability.
1457–086. This is one of the most highly metal-polluted white
dwarfs known (Koester et al. 2005). However, archival 2010 and
2013 adaptive optics images from the VLT reveal the presence of
a background source within 0.4 arcsec of the star (Dennihy et al.
2017). This calls into question the nature of the observed infrared
excess, and it is unclear to what extend the faint background source
– detected so far only in the J-band – contributes to the SED at
IRAC wavelengths.
As above, the PSF roundness at 4.5 µm is examined in the
2006 IRAC image for evidence of additional sources. The target has
a roundness of 0.07 that is comparable to that for 20 field stars in the
same image (0.05± 0.04), and for the single star sample. However,
there is a second IRAC epoch of this degenerate taken in 2017, and
while the 4.5 µm flux is unchanged from that measured in 2006,
the PSF roundness of the target is 0.54 in 2017. The average round-
ness for 20 field stars in the same 2017 image is 0.06 ± 0.05, and
hence the elongated PSF is real. The Gaia DR2 proper motion of
1457–086 is used together with the 2010 and 2013 NACO images
to calculate the separation of background source over time, where
it should be 0.1 arcsec in the 2006 IRAC image, and 0.7 arcsec in
2017. This is consistent with the roundness values over time.
The chance that the observed 30 µJy excess at 4.5 µm is caused
by a background galaxy within 2.4 arcsec2 of the target is one out
of 760, following the method outlined in Farihi et al. (2008). Thus
the probability that at least one star in the (195-star) sample has a
background contamination similar to the excess seen at 1457–086
is 23 per cent. It should be noted that even in the case that 1457–086
has no detectable infrared excess beyond that of the background
source, it is clear from the ongoing metal pollution that circum-
stellar material is present. This highlights the overall finding of this
study, that discs are likely tenuous and subtle, while metal pollution
is a much more sensitive tracer of circumstellar material.
5 CONCLUSIONS
A large and unbiased sample of white dwarfs was observed to de-
termine the frequency of infrared excesses and atmospheric met-
als using Spitzer and Hubble, respectively. This study focused on
the infrared data, where photometric measurements were evalu-
ated using two methods, flux excess and colour excess. The flux
excess proved more sensitive and seven sources were identified in
this manner, while the colour excess method only discovered three
candidates. Two stars with previously discovered infrared excesses
(1457–086 and 2328+107) have a flux excess, but not a colour ex-
cess, and it is possible the photometric excesses arise from non-disc
sources (i.e. companions). A further two stars without a colour ex-
cess are candidate binaries, as this is consistent with a steep slope at
IRAC wavelengths. If correct, then only 0843+516, 1015+161, and
1018+410 remain as bona fide disc detections in the sample. In-
terestingly, these three stars are the only sources with greater than
3σ excesses via both methods. Future facilities that are sensitive
to fainter infrared disc emission might benefit from a combination
of these methods to distinguish genuine circumstellar discs from
companions or background sources.
The frequency of infrared excesses due to debris discs over the
single white dwarf sample is 1.5+1.5−0.5 per cent, and broadly agrees
with previous surveys, but on the lower end of prior estimates. The
unbiased nature, size, and sensitivity of the study should make the
result fairly definitive and robust relative to prior work. Another
key result is that, in stark contrast to the modest infrared excess
frequency, 45 ± 4 per cent of single stars in the Hubble COS sub-
sample have atmospheric metals. This confirms prior studies indi-
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cating that there is a large population of debris discs orbiting white
dwarfs, but only a small fraction of these – roughly one out of 30 –
are detectable in the infrared. The detection of atmospheric metals
should be considered equivalent to the detection of (prior or cur-
rent) circumstellar material.
For the white dwarfs in wide binaries, the infrared excess fre-
quency is consistent with zero, but with an upper limit of 8 per cent.
Atmospheric metals occur in 67+10−15 per cent of similar sources, con-
sistent with that measure for single stars in this study. Notably, the
fraction of the local white dwarf population that is both polluted
and in a binary is perfectly consistent with the fraction of field white
dwarfs in binaries. Lastly and remarkably, the known dusty white
dwarfs lack co-moving companions and thus their wide binary frac-
tion (0 out of 40; binomial probability upper limit of 2.8 per cent)
is strongly incompatible with that of the field. Thus, it does not ap-
pear that binarity is connected – even weakly – with atmospheric
pollution in white dwarf stars. On the basis of this study and these
facts, the delivery of planetary debris into the immediate vicinity
of white dwarf stars and the subsequent surface pollution is likely
controlled by major planets.
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Table A1: Spitzer IRAC fluxes for white dwarfs in this sample, together with an
indication of atmospheric Si II observed by Hubble COS. Stellar parameters and
binary type are taken from the literature.
WD Teff m log F3.6 µm F4.5 µm F5.7 µm F7.9 µm Si II Binarity
(K) mag) [tcool (yr)] (µJy) (µJy) (µJy) (µJy)
0000+171 20 200 15.8 7.76 64 ± 3 44 ± 2 − − Y −
0002+165 25 900 15.7 7.28 65 ± 3 40 ± 2 − − Y −
0004+061 24 400 16.1 7.91 55 ± 3 33 ± 2 − − N −
0013–241 18 500 15.4 8.00 103 ± 5 66 ± 4 − − N −
0017+061b 28 100 15.2 7.08 2400 ± 100 1620 ± 80 − − − MS, 1
0018–339 20 600 14.6 7.69 200 ± 10 120 ± 6 − − N −
0028–474c 17 400 15.2 7.87 166 ± 8 104 ± 5 − − N WD, 2
0047–524 18 800 14.2 7.83 − 190 ± 10 − 66 ± 3 N −
0048–544 17 900 15.2 7.87 125 ± 6 81 ± 4 − − − −
0048+202 20 400 15.4 7.83 102 ± 5 65 ± 3 − − − −
0052–147 26 700 15.1 7.68 106 ± 5 68 ± 3 − − N −
0059+257 21 400 15.9 7.77 68 ± 4 44 ± 2 − − Y −
0102+095 24 800 14.4 7.45 220 ± 10 147 ± 7 − − Y −
0106–358a 30 900 14.7 7.04 159 ± 8 91 ± 5 − − Y MS, 3
0110–139 26 300 15.8 7.38 60 ± 3 40 ± 2 − − − −
0114–605c 24 700 15.1 7.30 113 ± 6 75 ± 4 − − Y WD, 4
0124–257 23 000 16.2 7.43 36 ± 2 26 ± 1 − − N −
0127–050 16 800 14.9 8.16 177 ± 9 112 ± 6 − − − −
0127+270 24 900 15.9 7.36 55 ± 3 33 ± 2 25 38 − −
0129–205 20 000 15.3 7.79 104 ± 5 68 ± 4 − − − −
0131+018c 15 200 14.5 8.40 340 ± 20 220 ± 10 − − N WD, 2
0136+768 16 900 14.8 7.95 230 ± 10 151 ± 8 − − N −
0140–392 21 800 14.4 7.62 250 ± 10 165 ± 8 − − Y −
0145–257b 26 700 14.5 7.20 8100 ± 400 5400 ± 300 − − − MS, 5
0155+069 22 000 15.5 7.41 108 ± 6 68 ± 3 − − N −
0200+248 23 300 15.7 7.79 110 ± 10 71 ± 8 − − N −
0201–052 24 600 16.0 7.32 41 ± 2 28 ± 2 − − − −
0216+143 26 900 14.6 7.26 210 ± 10 130 ± 7 80 ± 10 33 N −
0221–055b 25 800 16.2 7.52 62 ± 3 42 ± 2 − − − WD, 4
0222–265 23 200 15.7 7.60 76 ± 4 51 ± 3 − − − −
0227+050 19 300 12.8 7.83 − 780 ± 40 − 260 ± 10 − −
0229+270 24 200 15.5 7.36 80 ± 4 51 ± 3 − − − −
0231–054 17 300 14.3 8.86 − 240 ± 10 − 71 ± 4 N −
0242–174 20 700 15.4 7.79 96 ± 5 62 ± 3 − − Y −
0300–232 22 400 15.7 8.03 72 ± 4 44 ± 2 − − − −
0305–117 26 800 16.0 7.18 53 ± 3 33 ± 2 − − N −
0307+149a 21 400 15.4 7.61 112 ± 6 71 ± 4 − − Y WD, 6
0308–230 23 600 15.1 8.14 108 ± 5 70 ± 4 − − N −
0308+188 18 500 14.2 7.89 320 ± 20 200 ± 10 − − N −
0316+345 15 400 14.2 7.98 − 230 ± 10 − 74 ± 9 N −
0331+226 21 500 15.3 7.43 110 ± 6 71 ± 4 − − − −
0341+021c 22 200 15.4 7.27 102 ± 5 61 ± 3 − − Y WD, 7
0345+134 25 100 16.1 7.56 46 ± 2 29 ± 2 − − − −
0349–256 21 000 15.7 7.73 72 ± 4 47 ± 2 − − − −
0352+018 22 100 15.6 7.28 79 ± 4 50 ± 3 − − Y −
0358–514 23 400 15.7 7.46 70 ± 4 47 ± 2 − − N −
0400+148 14 600 14.9 8.54 200 ± 10 130 ± 7 − − N −
0403–414 22 700 16.4 7.54 41 ± 2 26 ± 1 − − Y −
0406+169 15 800 15.3 8.46 126 ± 6 78 ± 4 53 ± 5 44 ± 6 N −
0410+117a 21 100 13.9 7.58 − 250 ± 10 − 64 ± 3 Y MS, 6
0414–406 20 900 16.1 7.79 48 ± 3 30 ± 2 − − N −
0416–105 24 900 15.4 7.26 87 ± 4 53 ± 3 − − Y −
0418–534 27 100 16.4 7.15 32 ± 2 21 ± 1 − − Y −
0418–103 23 400 15.7 7.94 70 ± 4 44 ± 2 − − N −
0421+162 19 600 14.3 7.93 280 ± 10 172 ± 9 115 ± 6 60 ± 5 Y −
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WD Teff m log F3.6 µm F4.5 µm F5.7 µm F7.9 µm Si II Binarity
(K) (mag) [tcool (yr)] (µJy) (µJy) (µJy) (µJy)
0431+126 21 400 14.2 7.75 − 177 ± 9 − 34 ± 7 Y −
0452–347 21 200 16.1 7.62 57 ± 3 37 ± 2 − − Y −
0455–532 24 400 16.8 7.22 31 ± 2 18 ± 1 − − − −
0507+045Aa 20 800 14.2 7.82 − 210 ± 10 − 140 ± 10 Y WD, 8
0730+487 14 900 14.8 8.78 210 ± 10 129 ± 7 86 ± 6 56 N −
0732–427 15 600 14.2 8.39 − 250 ± 10 − 90 ± 20 N −
0816+297 16 700 15.8 8.06 78 ± 4 52 ± 3 26 26 N −
0817+386 25 200 15.8 7.30 65 ± 4 42 ± 2 − − N −
0821+632 16 800 15.9 8.01 72 ± 4 46 ± 2 − − N −
0839+231 25 800 14.5 7.20 210 ± 10 131 ± 7 − − Y −
0843+516 23 900 16.0 7.56 136 ± 7 137 ± 7 102 ± 7 159 ± 9 Y −
0846+557 27 400 16.4 7.11 33 ± 2 18 ± 1 − − N −
0854+404 22 300 14.8 7.58 156 ± 8 97 ± 5 − − Y −
0859–039 23 700 13.2 7.38 700 ± 40 440 ± 20 − − − −
0859+337 25 400 16.6 7.49 32 ± 2 19 ± 1 − − − −
0904+391 26 200 16.3 7.40 33 ± 3 23 ± 2 − − N −
0915+526 15 600 15.5 8.27 107 ± 5 65 ± 3 − − N −
0920+363 24 100 16.1 7.22 56 ± 3 35 ± 2 − − Y −
0922+183 24 700 16.4 7.48 40 ± 2 24 ± 2 − − − −
0933+025b 22 400 15.9 7.78 3600 ± 200 2500 ± 100 − − N MS, 10
0938+550 18 500 14.8 8.04 200 ± 10 123 ± 6 − − − −
0944+192 17 400 14.5 8.16 250 ± 10 159 ± 8 − − N −
0947+325 22 100 15.5 8.04 87 ± 4 57 ± 3 − − N −
0954+697 21 400 16.0 7.60 63 ± 3 44 ± 2 − − Y −
0956+020 15 700 15.7 8.13 88 ± 5 54 ± 3 − − N −
1003–023 20 600 15.3 7.83 121 ± 6 73 ± 4 − − − −
1005+642 19 700 13.7 7.88 460 ± 20 290 ± 10 − − N −
1012–008 23 200 15.6 7.72 80 ± 4 49 ± 3 − − − −
1013+256 22 000 16.3 7.68 42 ± 2 23 ± 1 − − Y −
1015+161 20 000 15.6 7.99 200 ± 10 167 ± 8 142 ± 8 124 ± 7 Y −
1016–308 16 300 14.6 8.37 240 ± 10 153 ± 8 − − − −
1017+125a 21 400 15.7 7.73 73 ± 4 49 ± 3 28 ± 3 19 ± 6 Y WD, 3
1018+410 23 700 16.4 7.82 86 ± 4 76 ± 4 − − − −
1020–207 19 900 15.0 7.78 130 ± 7 84 ± 4 − − Y −
1034+492 20 700 15.4 7.97 101 ± 5 59 ± 3 49 ± 4 30 Y −
1038+633 24 500 15.2 8.00 109 ± 5 67 ± 3 57 ± 4 27 Y −
1049–158 20 600 14.4 8.24 260 ± 10 155 ± 8 − − N −
1049+103c 20 600 15.8 7.71 3700 ± 200 2600 ± 100 − − N MS, 1
1052+273 23 100 14.1 8.04 300 ± 10 190 ± 10 130 ± 7 59 ± 7 N −
1058–129 24 300 14.9 8.20 128 ± 7 82 ± 4 42 ± 6 30 ± 8 N −
1102+748 19 700 15.1 8.24 136 ± 7 90 ± 5 − − N −
1104+602 17 900 13.7 8.11 460 ± 20 290 ± 10 − − N −
1105–048a 15 100 13.1 8.18 − 640 ± 30 − 260 ± 20 − MS, 11
1113+413 25 400 15.4 7.30 96 ± 5 61 ± 3 − − Y −
1115+166 22 100 15.1 7.72 134 ± 7 86 ± 4 65 ± 6 44 N −
1117–023 14 700 14.5 8.31 290 ± 10 180 ± 9 − − N −
1120+439 27 000 15.4 7.63 84 ± 4 48 ± 3 55 50 − −
1122–324 21 700 15.8 7.58 62 ± 3 40 ± 2 − − − −
1126+384 25 200 14.9 7.34 127 ± 6 76 ± 4 − − Y −
1128+564 26 600 16.5 7.18 30 ± 2 19 ± 1 − − N −
1129+155 17 700 14.1 7.98 380 ± 20 230 ± 10 159 ± 9 78 ± 7 Y −
1132+470 27 500 16.4 8.28 66 ± 3 42 ± 2 − − − −
1133+293 23 000 14.9 7.52 147 ± 7 91 ± 8 64 ± 7 44 ± 8 Y −
1134+300 21 300 12.5 8.22 1380 ± 70 890 ± 40 − − − −
1136+139 23 900 16.8 7.43 23 ± 3 16 ± 2 − − − −
1143+321a 15 900 13.7 8.25 740 ± 40 480 ± 30 − − N MS, 12
1145+187 26 600 14.2 7.18 240 ± 10 143 ± 7 − − Y −
1152+371 27 400 14.7 8.47 13 ± 2 10 ± 1 − − − −
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1201–001 19 800 15.2 8.17 124 ± 6 80 ± 4 48 ± 3 18 ± 4 − −
1202+308 28 900 16.3 7.04 40 ± 2 26 ± 2 − − N −
1204–322 21 300 15.6 7.79 80 ± 4 52 ± 3 − − − −
1220+234 26 500 15.6 7.74 67 ± 3 43 ± 2 − − N −
1224+309c 28 800 16.2 7.08 610 ± 30 410 ± 20 − − Y MS, 13
1229–012 19 400 14.5 7.60 240 ± 10 153 ± 8 91 ± 6 64 ± 8 N −
1230–308 22 800 15.7 7.41 70 ± 4 46 ± 2 − − N −
1232+479 14 400 14.5 8.31 280 ± 10 173 ± 9 − − − −
1233–164c 24 900 15.1 7.66 114 ± 6 73 ± 4 − − N WD, 4
1241+235 26 700 15.7 7.20 76 ± 4 53 ± 3 − − − −
1243+015 21 600 16.5 7.72 34 ± 2 23 ± 1 − − Y −
1247–115 28 100 15.3 7.23 88 ± 4 54 ± 3 − − Y −
1249+160 25 600 14.7 7.24 177 ± 9 107 ± 5 − − Y −
1249+182 19 900 15.2 7.74 95 ± 5 60 ± 3 − − Y −
1257+047a 21 800 14.9 7.61 151 ± 8 98 ± 5 − − Y MS, 3
1305+018b 29 000 15.2 7.26 110 ± 6 77 ± 4 − − − MS, 14
1308–301 15 300 15.2 8.34 155 ± 8 96 ± 5 − − Y −
1310–305 20 400 14.5 7.83 220 ± 10 143 ± 7 − − Y −
1314–153 15 700 14.9 8.16 210 ± 10 134 ± 7 − − N −
1323–514 19 400 14.4 7.80 280 ± 10 176 ± 9 − − Y −
1325–089 17 000 15.0 8.01 165 ± 8 107 ± 5 − − Y −
1325+279 21 300 15.8 7.91 64 ± 7 42 ± 5 − − Y −
1330+473 22 500 15.2 7.57 106 ± 6 70 ± 4 − − N −
1333+497 29 300 15.7 7.08 58 ± 3 36 ± 2 − − − −
1334–160a 18 700 15.4 8.27 116 ± 7 94 ± 6 − − − MS, 6
1334+070c 16 900 15.4 7.63 162 ± 8 99 ± 5 − − N WD, 2
1335+369 20 500 14.8 7.62 210 ± 10 135 ± 7 − − − −
1337+705 20 500 12.6 7.76 − 710 ± 40 − 250 ± 10 − −
1338+081 24 400 16.4 7.34 31 ± 2 19 ± 1 − − − −
1339+346d 16 000 15.9 8.08 1030 − − − N −
1349+144c 16 600 15.3 8.16 134 ± 7 84 ± 4 − − N WD, 15
1353+409 23 500 15.5 7.38 77 ± 4 50 ± 3 33 ± 5 26 ± 5 N −
1408+323 18 200 14.0 7.97 − 250 ± 10 − 92 ± 7 Y −
1412–109b 25 700 15.9 7.38 760 ± 40 530 ± 30 330 ± 20 220 ± 20 Y MS, 16
1421+318 27 200 15.4 7.23 82 ± 4 52 ± 3 − − Y −
1433+538c 22 400 16.1 7.43 900 ± 50 600 ± 30 − − − MS, 17
1449+168 22 400 15.4 7.58 91 ± 5 58 ± 3 − − − −
1451+006 25 500 15.3 7.30 99 ± 5 63 ± 3 − − Y −
1452–042 23 500 16.3 7.83 51 ± 3 36 ± 2 − − − −
1452+553 28 300 16.1 7.60 43 ± 2 28 ± 2 − − Y −
1457–086 20 400 15.8 7.72 114 ± 6 74 ± 4 49 ± 6 53 Y −
1459+347 21 500 15.8 8.20 66 ± 3 41 ± 2 − − N −
1507+220 19 900 15.0 7.80 151 ± 8 97 ± 5 − − − −
1508+548 17 000 15.7 8.13 80 ± 4 50 ± 3 − − N −
1511+009 27 600 15.9 7.26 56 ± 3 34 ± 2 − − − −
1513+442 29 200 15.2 7.15 82 ± 4 52 ± 3 − − Y −
1517+373 25 400 16.3 7.38 41 ± 2 29 ± 2 − − − −
1518–003 15 400 15.2 8.16 122 ± 6 78 ± 4 − − N −
1524–749 23 100 16.0 7.36 64 ± 3 39 ± 2 − − N −
1525+257 22 300 15.7 7.97 70 ± 4 45 ± 2 − − N −
1527+090 21 200 14.3 7.72 260 ± 10 165 ± 8 − − Y −
1531–022 18 600 14.0 7.92 − 240 ± 10 − 103 ± 8 N −
1533–057 20 000 15.4 8.07 95 ± 5 58 ± 3 − − Y −
1535+293 24 500 15.9 7.40 51 ± 3 30 ± 2 − − N −
1539+530b 26 800 15.6 7.43 5200 ± 300 3400 ± 200 − − − MS, 3
1547+057 24 400 15.9 8.00 57 ± 3 36 ± 2 − − N −
1548+149 21 500 15.2 7.74 123 ± 6 77 ± 4 − − Y −
1550+183 14 300 14.8 8.62 220 ± 10 136 ± 7 95 ± 7 53 ± 6 N −
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(K) (mag) [tcool (yr)] (µJy) (µJy) (µJy) (µJy)
1553+353 25 600 14.8 7.30 169 ± 8 105 ± 5 62 ± 5 43 − −
1554+215a 26 300 15.2 7.26 105 ± 6 63 ± 4 − − − MS, 6
1555–089a 14 600 14.8 8.30 220 ± 13 134 ± 8 − − N MS, 18
1601+581 14 700 13.8 8.27 520 ± 30 330 ± 10 − − Y −
1609+044 29 100 15.2 7.08 96 ± 5 59 ± 3 − − N −
1614–128 16 600 15.0 8.01 161 ± 8 104 ± 5 − − N −
1614+136 22 000 15.2 7.23 113 ± 6 68 ± 4 54 ± 5 16 ± 6 − −
1619+123a 16 400 14.6 8.03 230 ± 10 149 ± 8 − − N MS, 3
1620–391a 24 700 11.0 7.38 5000 ± 200 3100 ± 200 1900 ± 100 1070 ± 50 − MS, 6
1620+260 28 300 15.6 7.15 76 ± 4 46 ± 2 − − N −
1633+676 23 700 16.3 7.53 34 ± 2 22 ± 1 − − N −
1641+387 15 600 14.6 8.31 250 ± 10 156 ± 8 − − Y −
1643+143c 26 800 15.4 7.26 5700 ± 300 3800 ± 200 − − − MS, 19
1647+375 22 000 14.9 7.59 138 ± 7 86 ± 4 − − Y −
1713+332 22 100 14.4 7.32 − 185 ± 9 − 57 ± 6 Y −
1713+695 15 900 13.2 8.26 820 ± 40 520 ± 30 − − N −
1739+804 26 500 15.6 7.45 82 ± 4 50 ± 3 − − N −
1755+194 24 400 16.0 7.46 55 ± 3 34 ± 2 − − Y −
1914–598 19 800 14.4 7.88 290 ± 10 200 ± 10 − − Y −
1919+145 15 300 13.0 8.40 1120 ± 60 690 ± 30 1180 741 N −
1943+163 19 800 14.0 7.71 − 230 ± 10 − 101 ± 8 Y −
1953–715 19 300 15.1 7.96 133 ± 7 84 ± 4 − − Y −
2009+622c 26 500 15.3 7.15 1330 ± 70 900 ± 50 − − Y MS, 20
2018–233 15 700 15.1 8.27 170 ± 9 111 ± 6 − − N −
2021–128 20 800 15.2 7.78 113 ± 6 74 ± 4 − − N −
2032+188 18 200 15.3 7.58 125 ± 6 81 ± 4 − − N −
2039–682 17 100 13.3 8.51 − 490 ± 30 − 160 ± 10 N −
2039–202 19 700 12.3 7.82 − 1040 ± 50 − 370 ± 20 − −
2043–635 27 700 15.6 7.89 72 ± 4 49 ± 3 − − N −
2046–220 23 400 15.4 7.45 89 ± 5 56 ± 3 − − Y −
2056+073 27 300 15.4 7.75 80 ± 4 53 ± 3 − − N −
2058+181 17 400 15.2 8.07 149 ± 8 97 ± 5 − − Y −
2115+010 25 200 15.6 7.30 70 ± 4 43 ± 2 − − − −
2134+218 18 000 14.5 8.06 − 159 ± 8 − 61 ± 7 Y −
2143+353 26 100 15.9 7.38 51 ± 3 35 ± 2 − − N −
2149+021 17 900 12.8 8.07 − 780 ± 40 − 270 ± 10 − −
2152–045 19 800 15.7 7.44 84 ± 4 53 ± 3 − − Y −
2200–136c 25 800 15.3 7.19 107 ± 5 65 ± 3 − − − WD, 2
2204+070 25 600 15.8 7.49 70 ± 5 43 ± 2 − − − −
2204+071 24 500 15.8 7.34 69 ± 4 42 ± 2 − − − −
2205–139 26 000 15.0 7.69 120 ± 6 72 ± 4 − − N −
2210+233 23 200 15.8 7.97 60 ± 3 35 ± 2 − − N −
2218–271 15 000 14.7 8.14 350 ± 20 260 ± 10 − − N −
2220+133 22 600 15.6 8.03 75 ± 4 46 ± 2 − − N −
2220+217Aa 18 700 15.5 8.29 80 ± 4 46 ± 2 − − − WD, 2
2220+217Ba 14 600 15.2 8.13 73 ± 4 43 ± 2 − − − WD, 2
2225+219 26 000 15.8 7.30 60 ± 3 36 ± 2 − − Y −
2226+061 15 300 14.8 7.93 200 ± 10 126 ± 6 73 ± 7 41 N −
2229+235 19 300 16.0 8.03 59 ± 3 39 ± 2 24 ± 2 − Y −
2231–267 21 600 15.0 7.79 162 ± 8 109 ± 5 − − Y −
2238–045 17 500 16.9 8.39 23 ± 1 13 ± 1 − − N −
2244+210 24 100 16.5 7.41 35 ± 2 21 ± 1 − − Y −
2248–504c 16 300 15.0 8.19 159 ± 8 100 ± 5 − − N WD, 4
2257+162c 24 600 16.0 7.24 420 ± 20 290 ± 10 200 ± 10 128 ± 8 Y MS, 9
2306+124 20 400 15.1 7.87 124 ± 6 77 ± 4 − − Y −
2312–356 15 100 15.5 8.28 126 ± 6 83 ± 4 − − − −
2318–226 29 900 16.1 7.15 40 ± 2 24 ± 1 − − − −
2322–181 21 700 15.3 7.57 100 ± 5 62 ± 3 − − Y −
2328+107 21 000 15.8 7.74 116 ± 6 77 ± 4 − − N −
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2331+290 27 300 15.7 6.96 69 ± 4 43 ± 2 29 14 − −
2345–481 29 400 15.5 6.86 54 ± 3 32 ± 2 − − N −
2345+304 29 100 16.4 7.06 43 ± 2 27 ± 2 − − N −
2347–192 27 400 16.1 7.23 41 ± 2 23 ± 1 − − − −
2350–248 29 700 15.4 7.54 77 ± 4 50 ± 3 − − Y −
2359–324c 22 500 16.3 7.38 43 ± 2 28 ± 2 − − N WD, 4
Notes. Cooling ages are calculated using white dwarf evolutionary models (Fontaine, Brassard & Bergeron 2001) with
stellar parameters derived from Gaia DR2 (Gentile Fusillo et al. 2019). Fluxes without reported errors are upper limits.
Confirmed and candidate companions are labelled as MS (= main-sequence star, most of which are M dwarfs), and WD (=
white dwarf).
a Common proper-motion binary resolved in IRAC images. Reliable photometry was recovered for the target via aperture
photometry or APEX.
b Common proper-motion binary resolved in Gaia DR2. IRAC images fail to reveal both sources, and thus the point-source
photometry reported may not be reliable.
c Confirmed or candidate short-period binary. Gaia DR2 does not resolve any additional components, and IRAC images
are point-like.
d Photometry contaminated by background source.
References. (1) Zuckerman & Becklin (1992); (2) Koester et al. (2009); (3) Farihi et al. (2005); (4) Maoz & Hallakoun
(2017); (5) Mueller & Bues (1987); (6) El-Badry & Rix (2018); (7) Maxted, Marsh & Moran (2000); (8) Jordan et al.
(1998); (9) Wachter et al. (2003); (10) Schultz et al. (1996); (11) Greenstein (1984); (12) Eggen & Greenstein (1965a);
(13) Ferguson, Green & Liebert (1984); (14) Cheselka et al. (1993); (15) Karl et al. (2003); (16) Hoard et al. (2007); (17)
Greenstein (1976); (18) Eggen & Greenstein (1965b); (19) Kidder, Holberg & Mason (1991); (20) Greenstein (1974).
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